We report Raman studies of the Si-Si phonon band in Si 1Ϫx Ge x alloys, where the excitation is by visible and ultraviolet ͑351 nm͒ light. At a wavelength 351 nm, the optical penetration depth is extremely shallow ͑Ϸ5 nm͒. By varying the excitation from 351 to 514 nm, the optical penetration depth spans from 5 to 300 nm. Two sets of samples were examined. Thin layers grown using molecular beam epitaxy were coherently strained to match the lattice constant of the silicon substrate. Thick layers grown using organo-metallic chemical vapor deposition were strain relaxed. For the thin, strained layers, visible excitation produces a spectrum, which is a superposition of the substrate and the epilayer phonon bands. Reducing the wavelength ͑and, consequently, penetration depth͒ allows us to isolate the epilayer spectrum. Phonon energies obtained using all excitation wavelengths agree. We conclude that Raman scattering from these alloys using 351 nm laser light gives us bulk alloy properties pertinent to the near-surface composition and strain. The epilayers show no evidence of compositional variance or strain relaxation near the surface.
I. INTRODUCTION
Semiconductor alloys composed of silicon and germanium, Si 1Ϫx Ge x , where x is the germanium mole fraction, can be grown epitaxially on silicon using a variety of techniques. 1 These alloys have a bandgap which is smaller than that of pure silicon and varies with composition. The smaller bandgap also allows heavier doping without sacrificing current gain in heterojunction bipolar transistors ͑HBTs͒. 2, 3 This heavy doping diminishes resistance and permits higher switching speeds. Consequently, epitaxially deposited layers of Si 1Ϫx Ge x are currently gaining practical importance due to their use as graded-band gap base materials in HBTs. An important consideration in the growth of Si 1Ϫx Ge x alloys on silicon substrates is strain. Since pure germanium has a lattice constant Ϸ4% larger than that of silicon, thin epitaxial alloy layers will be under biaxial compressive strain. If layers are grown exceeding a certain critical thickness, the strain relaxes by producing line dislocations. 4 The latter are deleterious to device performance.
Raman scattering is a proven method for examining strain and alloying properties in Si 1Ϫx Ge x alloys and epilayers, [5] [6] [7] [8] [9] [10] [11] [12] [13] and has been recently reviewed by Liu and Cave.
14 Three vibrations are observable. The Si-Si band shows a characteristic redshift with increasing Ge dilution. The Ge-Ge band blueshifts with increasing x. The Si-Ge vibration energies exhibit only weak composition dependence. Strain shifts the phonon bands, according to ϭ 0 ϩ 1 2 0 ͓ p zz ϩq͑ xx ϩ yy ͔͒, ͑1͒
for growth on a ͑001͒ surface. 15 Here, 0 is the unstrained phonon energy, which depends on the alloy composition x, xx ϭ yy is the in-plane strain, zz is the response strain in the growth direction, and p and q are phenomenological constants. xx is related to the lattice parameters by the definition,
where a Si is the silicon substrate lattice constant, and a(x) is the lattice constant of the unstrained alloy of composition x. 16, 12 For Si 1Ϫx Ge x grown on silicon, xx is negative. zz is related to xx according to
where C i j (x) are the elastic stiffness constants of the Si 1Ϫx Ge x alloy. Following Ref. 14, we rewrite Eq. ͑1͒ in the condensed form,
where 0 is the x-dependent Si-Si phonon energy of the unstrained alloy, B is a phenomenological parameter which depends on the elastic constants, 0 , and the Raman factors p and q. Through Eqs. ͑1͒ or ͑4͒ and knowledge of the parameters, Raman measurements permit the direct assessment of the presence of strain in an epitaxial layer. In this article, we report on Raman measurements of Si 1Ϫx Ge x alloys. Raman scattering is generated using 351 nm ultraviolet ͑UV͒ laser light. UV light in this photonenergy range has a very shallow optical penetration depth. In pure silicon, direct E 1 optical transitions above 3.4 eV result in a very small penetration depth. At hϭ3.53 eV ( Ϸ351 nm), d opt ϵ1/2␣Ϸ5 nm in silicon, where ␣ is the optical absorption coefficient. 17 This depth sensitivity rivals that of accepted surface techniques. Thus, nondestructive UV Raman has the potential of providing microstructural details from an extremely shallow, near-surface region. This approach has already been applied to obtain images of nearsurface stress in patterned silicon wafers. 18 We directly compare Raman measurements of Si 1Ϫx Ge x alloys, with varying composition, using several excitation wavelengths in the visible and UV. We also examined strain-relaxed alloys to isolate the effect of alloying on the phonon energies. We focus here on the Si-Si ͑longitudinal-optic͒ band, which is most intense in the composition range studied. The Si-Si phonon energy also has the strongest composition dependence of the phonon bands, permitting the most precise determination of the influence of strain. Following experimental details, we present and discuss the results of the Raman measurements. We compare the results for a given alloy composition as excitation wavelength is varied, and the effect of the composition on the Si-Si phonon band. We then summarize our results.
II. EXPERIMENTAL DETAILS
Two sets of Si 1Ϫx Ge x alloys, both grown on Si ͑001͒ substrates, were studied ͑Table I͒. Samples grown by organo-metallic chemical vapor deposition ͑OMCVD͒ were thick ͑Ϸ1-2 m͒ and fully relaxed, as verified by x-ray diffraction. The samples grown using molecular-beam epitaxy ͑MBE͒ were coherently strained to the substrate lattice parameter. 19 The growth temperature was 550°C for the MBE films. Compositions were determined using x-ray photoelectron spectroscopy ͑XPS͒, Rutherford backscattering ͑RBS͒, and Auger electron spectroscopy ͑AES͒. These measurements provided composition values for each sample, which were all within Ϯ1% of the measurement average ͑Table I͒. Optical constants were measured using spectroscopic ellipsometry. 17 Optical constants of the alloys were determined using the methods described in Ref. 20 .
Raman measurements were carried out at room temperature. For the silicon-rich alloys studied here, the optical penetration depths are between those of the bulk silicon and germanium. A near-Brewster angle backscattering geometry was employed for the Raman measurements. Raman scatter was collected and focused into the spectrometer using UVtransmitting optical components. A 0.78 m double spectrometer was used to disperse the light. We calibrated the wavelength using known emission lines from mercury, krypton, and neon discharge lamps, and plasma lines from the lasers. A charge-coupled device detector was used to measure the spectra. Exposure times ranged from tens of seconds to several minutes. Figure 1 shows the optical penetration depth of light into Si 0.78 Ge 0.22 , coherently strained on Si͑001͒, versus wavelength. This spectrum was obtained using spectroscopic ellipsometry. Below 400 nm, the wavelength range of primary interest to us, light probes the epilayer with negligible penetration into the substrate. Table II lists the excitation wavelengths used in our Raman measurements, along with the corresponding optical penetration depths at those wavelengths, for pure silicon and germanium, 17 as well as for the xϭ22% alloy from Fig. 1 . The most important point to be extracted from Table II , and our samples thicknesses, is that the UV light used to excite our Raman spectra probes only the near-surface Si 1Ϫx Ge x alloy layers. In contrast, the visible excitation will also produce scattering in the substrates of the MBE-grown samples. . The corresponding alloy Si-Si phonon is seen near 513 cm Ϫ1 . The effect of alloying and strain on this phonon energy will be discussed. Intensities are normalized to that of bulk silicon at each excitation wavelength.
III. EFFECT OF PHOTON ENERGY
Clearly illustrated in Fig. 2 is the effect of optical penetration depth on the measured superposition of phonons from the substrate and epilayer. The spectrum obtained using 514.5 nm light is dominated by the substrate band at 520 cm Ϫ1 with only a shoulder from the alloy. The superposition limits the usefulness of Raman scattering, with excitation in this commonly used wavelength range, to thicker layers ͑less scattering from substrate͒, or layers having high germanium composition ͑larger phonon redshift͒. Since thin, coherently strained alloys with xр25% are desired in HBT applications, alloy composition, and strain determination are more precisely obtained using Raman scattering excited by laser lines having shorter wavelengths, as follows. As the wavelength ͑and probe depth͒ are varied into the deep blue ͑457.9 nm͒ and near UV ͑413.1 nm͒ in Fig. 2 the intensity emphasis shifts from being dominated by the substrate band to that of the epilayer. At 351.0 nm only the epilayer band is observed, with no scattering seen from the substrate. The variation in relative intensities is well described using a simple scattering-volume calculation, in which Here, the intensities are assumed to be in direct proportion to the scattering volumes of the epilayer ͑thickness t͒ and substrate, respectively. This ignores other factors, which may vary with wavelength, such as the Raman scattering cross section. By calculating the relative intensities (I substrate /I alloy ) using Eqs. ͑5͒ and ͑6͒ and comparing these with the measured intensities ͑Fig. 2͒, we obtain the expected direct dependence. Agreement between the epilayer phonon energies and linewidths, over the excitation wavelength range in Fig.  2 , demonstrates the ability to probe extremely thin layers of Si 1Ϫx Ge x alloys ͑or silicon͒ using UV generated Raman scattering. The generally good agreement between alloy phonon energies obtained with visible and UV excitations show that we probe bulk alloy properties, rather than surface-related effects. This argument is substantiated by measurements of samples with other compositions, to be discussed. Figure 3 shows Raman spectra varying x with a 351 nm excitation wavelength. Each of these samples was grown using MBE, and is fully strained. The linewidth does not change with alloy composition, showing that the epilayers are highly commensurate with the substrate across the full composition range studied. With a 351 nm excitation, each alloy exhibited only phonon bands from the epilayer with no substrate spectrum. The spectra in Fig. 3 show the consistent redshift of the Si-Si phonon energy with increasing composition, as has been reported in the literature. the Si-Si band were found to generally decrease with increasing x, although there was scatter in the intensity data. ͑Data in Fig. 3 are rescaled to have approximately the same amplitude.͒ The intensity reduction can be attributed to the reduced silicon concentration, 21 variations in the absorption coefficient, and gradual shifting of the direct energy transition (E 1 ) away from near resonance with the 351 nm excitation. Figure 4 summarizes Raman data obtained for all samples listed in Table I . Shown in Fig. 4͑a͒ is the composition-dependent shift in energy of the Si-Si phonon from the O(⌫) energy ͑520 cm Ϫ1 ͒ in bulk silicon. Data are extracted from measurements using those wavelengths for which the epilayer Si-Si feature was intense enough to meaningfully deconvolute from the substrate band. This became increasingly difficult at lower germanium compositions, except when using the 351 nm excitation, which showed no substrate band. Results from the two OMCVD samples ͑strain relaxed͒ show a strong redshift with increasing germanium concentration. Data for the various excitation wavelengths are in good accord. The dash-dot line has a slope of Ϫ68 cm Ϫ1 taken from Refs. 9 and 12. This line corresponds to fully strain-relaxed Si 1Ϫx Ge x alloys and describes the effect of alloying only. Good agreement is seen between the dashed line ͑obtained across a wider composition range͒ and our measurements. Thus, 0 ͑ x ͒ϭ520.0Ϫ68x ͑7͒
IV. COMPOSITION DEPENDENCE OF THE RAMAN SPECTRA
describes the composition dependent unstrained phonon energy ͑cm Ϫ1 ͒ in Eqs. ͑1͒ or ͑4͒.
9,12
We now turn our attention to the results from the fully strained MBE samples. The dashed line in Fig. 4͑a͒ is a linear fit to these data points, with a slope d meas /dx ϭϪ30.7Ϯ0.6 cm
Ϫ1
. This slope is the combined result of alloying and strain. The quantity d meas /dx varies between literature accounts. Our value is at the lower end ͑absolute value͒ among the range of reported values, and is qualitatively described by the combined effects of strain and alloying. Using Vegard's law to obtain elastic constants, 22 and constants p and q for Si from Ref. 25 and Eqs. ͑1͒-͑3͒ give a linear slope of Ϫ37 cm Ϫ1 in the xϽ0.25 range. This analysis results in the expected blueshift due to substrate-induced, biaxial compressive strain in the alloy epilayer. The net result, strain plus alloying, is shown as the solid line in Fig.  4͑a͒ . The agreement between the data and the calculated trend agrees well in the low x range, but shows a discrepancy at higher x. One possible explanation for the difference between the observed and calculated trends at high x may be the very large strains present in our samples. This translates into an enormous stress, beyond the regime obtainable in the uniaxial stress studies used to determine p and q. 25 Nonlinear elastic theory may be needed to adequately describe the effects of extremely large stress ͑strain͒ on phonon energies. Furthermore, the use of parameters p and q from measurements of bulk silicon ͑for the Si-Si vibration͒ may not be correct. Evidence that the p and q parameters of the alloys differ from those of bulk silicon can be extracted from the hydrostatic pressure investigations of Sui, Burke, and Herman. 23 They find that the mode-Grüneisen parameter,
varies strongly with alloy composition, increasing from 1.0 at xϭ0 to 1.2 at xϭ0.25 for the Si-Si mode. Here, B 0 is the bulk modulus, a function of x. Since ␥ is related to p and q the increase observed in the hydrostatic pressure measurements may be due in part to changes in p and q of the alloys. However, because p and q combine differently to make up B and ␥, it is difficult to attribute the observed B meas to changes in one parameter or the other. These preliminary notions require further investigations. It would be desirable to include data from the Ge-Ge mode, and possibly the Si-Si and   FIG. 4 . ͑a͒ Summary data of the shift in the Si-Si phonon energy, from that of bulk silicon, versus x. Data designated as OMCVD samples corresponds to strain-relaxed epilayers. The trend is due to alloying effects only ͑dashed-dot line͒. All other data points are for the fully strained MBE epilayers. The dashed line is a linear fit to the latter data. The solid line is from Eqs. ͑1͒-͑3͒. ͑b͒ Summary data of the shift of the Si-Si phonon energy for the MBE-grown films with the effect of alloying subtracted using Eq. ͑7͒. Error bars are shown for the 351 nm data only; they are representative of each data set.
Ge-Ge transverse-acoustic modes, as part of further analysis, to address the large number of parameters encountered here. Figure 4͑b͒ shows the strain-only shift in the Si-Si phonon energy, obtained by plotting Ϫ 0 (x), vs ʈ (x). Data are well described by a linear fit with slope B meas ϭϪ1040 Ϯ23 cm Ϫ1 . The literature values of B meas collected in Table  III show a spread in the values determined for B meas , with our result having the largest magnitude and in good agreement with what is reported by Liu and Cave.
14 According to their analysis, a lower value of B meas implies a reduced strain in the epilayer, by an amount ␦. Thus, Eq. ͑4͒ must be recast as
͑10͒
Since B meas ϽB, the reduced strain results in a smaller shift in the phonon energy according to Eq. ͑9͒.
The most likely causes of strain relaxation in Si 1Ϫx Ge x /Si epilayers would be line dislocations formed during growth or postgrowth cooling. 24 As the thickness of an epilayer increases, it approaches the compositiondependent critical thickness (h c ) for strain relaxation. 4 We suggest that partial relaxation is achieved by introducing line dislocations sufficient in areal density to reduce the strain energy and leave the average alloy at nonzero strain. Thus, the critical thickness should benchmark a range of thicknesses. Films having a thickness just below h c will have a tendency to partially relax, with the density of dislocations increasing with thickness until, well above h c , full strain relaxation occurs. Larger values of B meas thus correspond to a higher degree of pseudomorphic strain. Definitively determining B is an elusive task, since there will always be some degree of strain relaxation. Within this interpretation, our value of B meas gives the lowest strain relaxation reported. Lockwood and Baribeau 12 have pointed out that B meas varies with excitation wavelength, with the general trend being a reduction with smaller wavelength. Because shorter wavelengths will probe shallower regions, diminished B meas values have been plausibly attributed to relaxation of the nearsurface strain. 25 We do not see significant deviation in the data corresponding to different wavelengths in Fig. 4 , which include data obtained with UV excitation ͑very shallow optical penetration depth͒. We also do not see variation in the line width of the Si-Si phonon with excitation wavelength. From these two observations, the simplest conclusion is that the composition of our samples is uniform along the growth direction, and that there is no evidence of near-surface strain relaxation in our samples. The depth range of validity for this conclusion is from Ϸ5 nm to the full thickness of the layer, bearing in mind that we measure an average property over the optical penetration depth for a given laser line. The assertion that the composition is uniform throughout the growth layer is supported by RBS depth-profiling measurements of the MBE-grown layers. 26, 27 These show a 1%-2% composition deviation over the full thickness of the epilayer, supporting the Raman-based notion that the composition is uniform ͑within experimental uncertainties͒ in these films.
V. CONCLUSIONS
We have measured the Raman spectra of Si 1Ϫx Ge x alloys using 351 nm excitation. This light probes a very shallow, near-surface region. We directly compare these results with those obtained using standard visible Raman spectroscopy ͑Fig. 2͒. We conclude that the UV probe provides information about the bulk alloy properties even though it is the near-surface ͑Ϸ5 nm͒ composition and strain environment being examined. No evidence of strain relaxation at the surface is obtained. The trend observed in the Si-Si phonon energy of the strain relaxed epilayers shows varied degrees of agreement with previous measurements performed using visible excitation. Most notably, the slope observed in the strain-only Raman shift versus strain (Ϫ1040Ϯ23 cm Ϫ1 ), has a magnitude at the high end of reported values. This is interpreted as evidence that very little strain relaxation is present in our MBE films. 14 The Raman method thus suggests itself as a means by which strain can be measured for a set of deposition conditions. Varying the wavelength into the UV, as we have done here, is found to be a method by which information on near-surface stress relaxation ͑or stress depth profiling͒ can be assessed. 
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